This study used mice to evaluate whether coupling expression of corticotropin-releasing hormone (CRH) and angiotensin converting enzyme 2 (ACE2) creates central interactions that blunt endocrine and behavioral responses to psychogenic stress. Central administration of diminazene aceturate, an ACE2 activator, had no effect on restraint-induced activation of the hypothalamic-pituitary-adrenal (HPA) axis; however, mice that ubiquitously overexpress ACE2 had reduced plasma corticosterone (CORT) and pituitary expression of POMC mRNA. The Cre-LoxP system was used to restrict ACE2 overexpression to CRH synthesizing cells and probe whether HPA axis suppression was the result of central ACE2 and CRH interactions. Within the paraventricular nucleus of the hypothalamus (PVN), mice with ACE2 overexpression directed to CRH had a z2.5 fold increase in ACE2 mRNA, which co-localized with CRH mRNA. Relative to controls, mice overexpressing ACE2 in CRH cells had a decreased CORT response to restraint as well as decreased CRH mRNA in the PVN and CEA and POMC mRNA in the pituitary. Administration of ACTH similarly increased plasma CORT, indicating that the blunted HPA axis activation that accompanies ACE2 overexpression in CRH cells is centrally mediated. Anxiety-like behavior was assessed to determine whether the decreased HPA axis activation was predictive of anxiolysis. Mice with ACE2 overexpression directed to CRH cells displayed decreased anxiety-like behavior in the elevated plus maze and open field when compared to that of controls. Collectively, these results suggest that exogenous ACE2 suppresses CRH synthesis, which alters the central processing of psychogenic stress, thereby blunting HPA axis activation and attenuating anxiety-like behavior.
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Introduction
Anxiety disorders are comorbid with hypertension (Sandstrom et al., 2016) and common pathophysiology may contribute to each disease. Augmentation of the renin-angiotensin-system (RAS) increases the synthesis of angiotensin II (Ang-II) and its activation of the angiotensin type-1a receptor (AT1aR) is established to promote hypertension; however, emerging evidence suggests that the RAS also contributes to the onset of anxiety disorders.
Psychogenic stress increases Ang-II and interventions that inhibit AT1aR(s) attenuate anxiety-like behavior and hypothalamicpituitary-adrenal (HPA) axis activity (Saavedra et al., 2005) . Angiotensin-converting-enzyme inhibitors (ACEi) or angiotensin receptor blockers (ARBs) alleviate hypertension. Interestingly, patients with posttraumatic stress disorder (PTSD) taking ACEi or ARBs have fewer traumatic stress symptoms relative to PTSD patients taking other types of blood pressure lowering medications (Khoury et al., 2012) . Dysregulation of the HPA axis frequently occurs in patients with anxiety disorders (Abelson et al., 2007; Brand et al., 2011; Vreeburg et al., 2010) and chronic administration of an ARB corrects this dysregulation and improves affect (Pavlatou et al., 2008) . These results implicate the RAS in the etiology of affective disorders and suggest it may serve as a viable target for therapeutic interventions.
The relatively recent discovery of angiotensin converting enzyme 2 (ACE2) revealed a 'protective limb' of the RAS that opposes many of the deleterious consequences of AT1aR activation (Xu et al., 2011) . ACE2 metabolizes Ang-II into angiotensin 1-7 (Ang1-7) which promotes cardio-protection by activating the Mas receptor (MasR) (Xia and Lazartigues, 2010) . Levels of ACE2 and Ang1-7 are elevated in patients taking ACEi and ARBs (Furuhashi et al., 2015; Luque et al., 1996) , suggesting that blocking the synthesis of Ang-II or its actions at the AT1aR augments ACE2 activity (Ferreira et al., 2010) . We recently discovered that increasing ACE2 activity in the brain is potently anxiolytic in mice (Wang et al., 2016a) but whether increasing ACE2 activity alters activation of the HPA axis, another indicator of stress responsiveness, is unknown.
Activation of the HPA axis is initiated by neurons in the paraventricular nucleus of the hypothalamus (PVN) that secrete corticotropin-releasing-hormone (CRH) into the median eminence to stimulate the release of adrenocorticotropic hormone (ACTH), which drives adrenal glucocorticoid (CORT) secretion. Anxiety disorders are associated with HPA axis dysfunction (Abelson et al., 2007; Brand et al., 2011; Vreeburg et al., 2010) and we discovered that the majority of CRH neurons in the PVN express AT1aR(s) and their deletion down-regulates CRH mRNA (de Kloet et al., 2013; de Kloet et al., 2017; Wang et al., 2016b) . Neuropsychiatric illnesses are associated with impaired CRH signaling in the brain (Banki et al., 1987; Nemeroff et al., 1984 Nemeroff et al., , 1988 and coupling CRH transcription and ACE2 overexpression may inhibit the stimulation of AT1aR expressed on CRH neurons and down-regulate its production. Increasing ACE2 activity also has the beneficial effect of elevating levels of Ang1-7, which promotes anxiolysis by activating MasR(s) (Kangussu et al., 2017; Moura Santos et al., 2017; Wang et al., 2016a) . Probing CRH and ACE2 interactions within the CNS may reveal novel strategies for reducing stress responsiveness by dampening HPA axis activation and attenuating anxiety.
This study used mice to evaluate whether central CRH and ACE2 interactions dampen endocrine and behavioral responses to psychogenic stress. We administered mice diminazene aceturate (DIZE) or engineered mice that ubiquitously overexpress ACE2 in order to evaluate whether pharmacological up-regulation of endogenous ACE2 or genetic overexpression of exogenous ACE2 alters HPA axis activity. Next, we used the Cre-LoxP system to direct ACE2 overexpression to CRH transcription to probe whether altered HPA axis activation was the result of a CRH and ACE2 interaction. Anxiety-like behavior was assessed to determine whether any differences in HPA axis activation were associated with altered behavioral responses to psychogenic stressors. The results suggest that directing ACE2 overexpression to CRH transcription creates central interactions that inhibit stress-induced HPA axis activation and attenuate anxiety-like behavior.
Materials and methods

Animals
All mice were male and 8-12 weeks-old at the initiation of the study. Mice were given ad libitum access to pelleted rodent chow and water and were individually-housed on a 12 h/12 h light-dark cycle. The light phase started at 0700 h and the dark phase started at 1900 h. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Florida.
C57BL/6 mice. We used C57BL/6 mice obtained from the Harlan Laboratories to evaluate the effects of centrally administered DIZE, an ACE2 activator (De Maria et al., 2016; Qi et al., 2013a) , on stressinduced activation of the HPA axis.
ACE2 KI mice. We have previously described the generation of ACE2 KI mice and their wild-type littermate controls (WT) (Wang et al., 2016a) . Briefly, ACE2 KI mice have the expression of ACE2 driven by ROSA26. Both ACE2 KI mice and WT are maintained on a 129/B6 mixed background. We have previously validated that ACE2 KI mice have significantly increased ACE2 mRNA expression and ACE2 activity in central and peripheral tissues (Qi et al., 2016; Wang et al., 2016a) .
CRH ACE2 KI mice. To overexpress ACE2 specifically in CRH cells, we first generated mice homozygous for floxed STOP ACE2 (ACE2 gene was preceded by a stop codon that was flanked by two loxP sites) after the ROSA26 promoter (floxed STOP ACE2 mice). These floxed STOP ACE2 mice were bred to mice heterozygous for Cre recombinase driven by the gene encoding for CRH (CRH-Cre mice, Jackson Laboratory Stock # 012704) to generate mice carrying both floxed STOP ACE2 and CRH-Cre (CRH ACE2 KI mice) as well as littermate controls carrying only the floxed STOP ACE2 gene (CON mice).
CRH-Cre mice. To evaluate whether Cre recombinase expression, in and of itself, affects HPA axis activity, we bred heterozygous CRHCre mice to C57BL/6J mice (Jackson Laboratory) to generate CRHCre mice and littermate wild-type controls (littermate WT CON).
Intracerebroventricular (ICV) infusion of DIZE
To determine whether activating endogenous ACE2 in the brain influences HPA axis activity, we chronically administered normal saline or DIZE (low dose group: 0.11 mg/h, medium dose group: 1.1 mg/h, high dose group: 11 mg/h) into the lateral ventricles of C57BL/6 mice for 2 weeks. The icv infusions were conducted using micro-osmotic pumps (Model 1004, flow rate: 0.11 ml/h, ALZET, Cupertino, CA, USA). Prior studies determined that central delivery of DIZE, at the medium and high doses used here, significantly decreases anxiety-like behavior (Wang et al., 2016a) . The procedures for preparation and implantation of micro-osmotic pumps have been described previously (Wang et al., 2016a) . Two weeks after implantation of micro-osmotic pumps, the plasma corticosterone (CORT) response to restraint stress was assessed.
Assessment of plasma CORT
We examined plasma CORT concentrations before, during and after a 30 min restraint challenge in DIZE-infused mice, ACE2 KI mice, CRH ACE2 KI mice, and their respective controls. Between 0800 h and 0900 h, we restrained mice in clear plastic ventilated tubes and collected tail vein blood samples (40 ml) within 3 min to measure morning basal levels of CORT. Thirty-minutes after the onset of restraint, we collected another set of blood samples, and mice were released and returned to home cages. Additional blood samples were collected at 60 and 120 min after the onset of restraint. Blood samples were centrifuged at 3500 rpm for 15 min at 4 C to isolate plasma. Plasma samples were stored at À80 C.
To assess afternoon basal CORT levels in CRH ACE2 KI mice and CON mice, blood samples were taken during the light phase between 1800 h and 1900 h and plasma was isolated and stored at À80 C.
Plasma concentration of CORT was measured using an I 125 radioimmunoassay kit (MP Biomedicals, Orangeburg, NY) as previously described (Krause et al., 2008 (Krause et al., , 2011 .
Assessment of pro-opiomelanocortin (POMC) expression in the pituitary gland
We used semiquantitative real-time polymerase chain reaction (PCR) to measure mRNA expression of POMC in the pituitary.
Pituitary glands were extracted immediately after decapitation of mice that were pre-anesthetized with isoflurane. We have previously described the procedures for real-time PCR (de Kloet et al., 2013; Wang et al., 2016a) . Briefly, RNA was extracted from pituitary glands using RNeasy columns (Qiagen Sciences, Germantown, MD, USA), cDNA was synthesized using iScript (Bio-Rad, Hercules, CA, USA), and real-time PCR was conducted using TaqMan probes and TaqMan Gene Expression Master Mix in a 7900HT Fast Realtime PCR system (Thermofisher Scientific, Waltham, MA, USA). Specific TaqMan probes used in the present study were POMC (Mm00435874; Thermofisher Scientific, Waltham, MA, USA) and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, housekeeping gene, Mm99999915). After obtaining the Ct values, we calculated the relative expression of POMC using the 2 DDCt method.
RNAscope in situ hybridization
We performed RNAscope in situ hybridization in brain nuclei that synthesize CRH, the PVN and central nucleus of the amygdala (CEA), and another that does not, the globus pallidus (GP), to confirm that coupling ACE2 overexpression to the CRH gene significantly increases ACE2 mRNA within CRH cells but does not affect its expression in brain nuclei devoid of CRH (Cummings et al., 1983) . Reagents used for RNAscope in situ hybridization were purchased from Advanced Cell Diagnostics (Newark, CA, USA) unless otherwise specified. We have previously described the procedures for tissue preparation and RNAscope in situ hybridization (de Kloet et al., 2016; Smith et al., 2014; Wang et al., 2016a) . Briefly, mice were euthanized with an overdose of sodium pentobarbital and transcardially perfused with 4% RNase free paraformaldehyde (PFA). Brains were quickly extracted, submerged in RNase free 4% PFA for 4 h, and then transferred into RNase free 30% sucrose at 4 C. Subsequent to cryoprotection, brains were coronally sectioned at 20 mm using a Leica CM3050 S cryostat. Brain sections were rinsed twice in RNase free PBS and mounted onto Superfrost Plus Gold slides. Mounted brain sections were air-dried for 20 min at room temperature and then stored at À80 C. On the day of conducting RNAscope in situ hybridization, brain sections were air-dried for 30 min at room temperature, incubated in protease IV (Catalog No. 322340) for 20 min, and then hybridized with specific probes following procedures described in the RNAscope ® Multiplex Fluorescent Kit User Manual PART 2 (Advanced Cell Diagnostics, Newark, CA, USA). The specific probes used in this study were: (1) DapB, negative control, (2) Ubc, positive control, (3) CRH (Catalog No. 316091), (4) ACE2 (Catalog No. 417081-C2). CRH and ACE2 mRNAs were co-labeled on the same brain section with CRH mRNA labeled with Atto-550 and ACE2 mRNA labeled with Atto-647.
Image capturing and analysis
Fluorescent images for RNAscope in situ hybridization were captured using an AxioImager M.2 fluorescent Apotome microscope (Carl Zeiss Microscopy, Thornwood, NY, USA). When capturing the images, we first determined the optimal exposure time for each channel based on the sections hybridized with Ubc (positive control) and then confirmed that no visible fluorescence was detected in sections hybridized with DapB (negative control) under this exposure time. Then we captured all images under 20 Â magnification using the same exposure time obtained from the positive control. To analyze the density of mRNA signals, we used ImageJ. Specifically, we converted the images to 8-bit greyscale and then measured the density of dots representing mRNA signals. We first measured the negative control images to determine nonspecific background and then measured the images representing CRH mRNA or ACE2 mRNA. Subsequently, we subtracted the nonspecific background from the signal generated by CRH mRNA or ACE2 mRNA to obtain the density of mRNA transcript for each gene within a region of interest.
Plasma ACE2 activity assay
Plasma ACE2 activity was assayed as previously described (Qi et al., 2016) to evaluate whether directing ACE2 overexpression to the CRH gene affects systemic indices of ACE2 activity. Briefly, tail blood samples (40 ml) were collected with EDTA (ethylenediaminetetraacetic acid) from CRH ACE2 KI and CON mice and centrifuged at 3500 rpm for 15 min at 4 C to isolate plasma. Plasma was diluted at 1:10 ratio in buffer that consisted of 1 M NaCl, 75 mM TriseHCl, and 0.5 mM ZnCl 2 (pH 7.4) and 25 nM ACE2 enzyme was used as a positive control. Human recombinant ACE2 (catalog 933-ZN-010) were obtained from R&D Systems along with fluorogenic ACE2 substrate (fluorogenic peptide VI (FPS VI), Mca-YVADAPK(Dnp)OH, catalog ID ES007). All reactions were performed in a total volume of 100 ml using a fluorescence plate reader (Synergy HT, Biotek, USA) at an excitation wavelength of 320 nm and emission wavelength of 405 nm as described previously. All samples were read at 37 C for 4 h immediately after the addition of fluorogenic substrate.
ACTH stimulation test
To evaluate whether overexpressing ACE2 in CRH cells affects adrenal responsiveness to ACTH, we injected mice with dexamethasone (4 mg/kg, sc). This dose of dexamethasone suppresses the release of endogenous CORT in mice (de Kloet et al., 2015) . Two hours after the injection of dexamethasone, tail vein blood samples were collected, and subsequently, mice were delivered a low dose of ACTH (0.01 mg/kg, sc). This dose of ACTH was previously determined to stimulate CORT release in mice that is z 50% of the maximal response (de Kloet et al., 2015) . Fifteen minutes after the injection of ACTH, another set of tail vein blood samples was collected and plasma CORT was measured as described above.
Assessment of anxiety-like behavior
Anxiety-like behavior was assessed using the elevated plus maze (EPM) between 0800 h and 1200 h. The EPM consists of two opposing open (31 cm Â 6 cm) and two opposing closed arms (31 cm Â 6 cm) that were elevated 41 cm off the floor. To start the test, a mouse was placed in the center of the EPM and allowed to explore the maze for 5 min. Each testing session was recorded by a ceiling-mounted camera connected to a PC running TopScan software (CleverSys, Reston, VA). The TopScan software automatically analyzed the movement of mice in the EPM. We manually summarized time spent in the open arms, the number of open arm entries, and the total distance travelled.
Anxiety-like behavior was also assessed using the open field apparatus. The open field apparatus consists of a walled (height: 20.3 cm) square-shaped arena (27.3 cm Â 27.3 cm). Two regions were defined in the arena: the center, which accounts for 25% of the total area and the periphery, which accounts for the remaining 75% of the total area. The open field test was conducted between 0800 and 1200 h. To start the test, a mouse was placed in the center and allowed to explore the open field for 5 min. Each testing session was video recorded and the movements of mice were automatically analyzed by the same PC system used for the EPM test. We then manually summarized the time spent in the center, the number of center entries, and the total distance travelled.
Experimental design and statistical analysis
All experiments adopted between-subjects designs, in which ACE2 KI mice and CRH ACE2 KI mice were compared to their respective littermate controls. Experiments were conducted using age and temporally matched cohorts of mice. Plasma CORT subsequent to restraint was assessed using two cohorts of mice: 1st cohort: WT (n ¼ 7) and ACE2 KI (n ¼ 4); 2nd cohort: WT (n ¼ 10) and ACE2 KI (n ¼ 10). CRH and ACE2 mRNA expression were assessed using two cohorts of mice: 1st cohort: CON (n ¼ 3) and CRH ACE2 KI (n ¼ 3); 2nd cohort: CON (n ¼ 8) and CRH ACE2 KI (n ¼ 6). Basal plasma CORT sampled in the afternoon was assessed using two cohorts of mice: 1st cohort: CON (n ¼ 12) and CRH ACE2 KI (n ¼ 13); 2nd cohort: CON (n ¼ 13) and CRH ACE2 KI (n ¼ 14). EPM testing was conducted using two cohorts of mice: 1st cohort: CON (n ¼ 3) and CRH ACE2 KI (n ¼ 4); 2nd cohort: CON (n ¼ 9) and CRH ACE2 KI (n ¼ 12). All other experiments were conducted using one cohort of mice.
All data were analyzed and graphed using Prism 5 (GraphPad Software, La Jolla, CA, USA) and presented as mean ± SEM. All CORT results were analyzed using a two-way ANOVA. All other results were analyzed using a two-tailed student t-test with the exception of the results from the open field test, which were analyzed using a one-tailed student t-test due to a directional hypothesis based on the findings from the EPM. Exact P values were reported when available from Prism 5. P values less than 0.0001 and P values for the Bonferroni post-hoc analysis were only available as ranges and are reported accordingly.
Results
Exogenous ACE2 is sufficient for stress-evoked HPA axis dampening
Mice were infused (icv) with normal saline (n ¼ 9) or DIZE (low dose, n ¼ 10; medium dose, n ¼ 12; high dose, n ¼ 9) for 2 weeks to evaluate the effects of ACE2 activation on the plasma CORT response to psychogenic stress. As expected, restraint significantly (F (3, 108) ¼ 562, P < 0.0001) elevated plasma CORT relative to basal levels at 30 and 60 min (Fig. 1A) . However, central delivery of DIZE did not affect basal or restraint-induced elevations in plasma CORT or pituitary expression of POMC mRNA (Fig. 1B) . Taken together, these results suggest that administration of DIZE into the brain is insufficient to suppress HPA axis activity.
To determine whether ubiquitous overexpression of ACE2 attenuates the HPA axis response to psychogenic stress, ACE2 KI mice (n ¼ 14) and their WT littermate controls (n ¼ 17) were subjected to a 30 min restraint challenge. As expected, there was an effect of time (F (3, 87) ¼ 159, P < 0.0001) with restraint significantly elevating plasma CORT at 30 and 60 min relative to baseline levels (Fig. 1C) . There was also an effect of genotype (F (1, 29) ¼ 5.97, P ¼ 0.021) with ACE2 KI mice having significantly lower plasma CORT relative to WT littermate controls. Post-hoc analysis found that both groups of mice had similar baseline levels of plasma CORT; however, 30 min after the onset of restraint the plasma CORT of ACE2 KI mice was significantly lower than that of WT littermate controls (Bonferroni post-hoc analysis, t (116) ¼ 2.86, P < 0.05). This blunted stressinduced HPA axis activation was also evident in the integrated response (AUC; t (29) ¼ 2.34, P ¼ 0.026; Fig. 1C inset) . Additionally, ACE2 KI mice (n ¼ 6) had significantly (t (10) ¼ 2.23, P ¼ 0.0498, Fig. 1D ) decreased pituitary expression of POMC mRNA compared to WT littermate controls (n ¼ 6). Collectively, these results suggest that delivery of exogenous ACE2 is necessary to observe dampened HPA axis activation.
3.2. Coupling ACE2 overexpression to CRH transcription increases ACE2 mRNA expression in the PVN and CEA but has no effect on plasma ACE2 activity To confirm that CRH ACE2 KI mice indeed overexpress ACE2 in CRH cells, we conducted RNAscope in situ hybridization for CRH mRNA and ACE2 mRNA in the PVN and CEA. Control mice had modest levels of ACE2 mRNA in the PVN and this expression rarely co-localized with CRH mRNA (Fig. 2A) . In contrast, the ACE2 mRNA observed in CRH ACE2 KI mice frequently co-localized with CRH mRNA in the PVN and the CEA (Fig. 2B and E) . Quantitative analysis found that relative to CON mice, CRH ACE2 KI mice had significantly increased expression of ACE2 mRNA in CRH-producing regions of the PVN (CON; n ¼ 10, CRH ACE2 KI; n ¼ 9, t (17) ¼ À2.39, P ¼ 0.029, Fig. 2C ) and the CEA (CON; n ¼ 11, CRH ACE2 KI; n ¼ 9, t (18) ¼ À3.13, P ¼ 0.0058, Fig. 2F ). Importantly, no differences in ACE2 mRNA (P ¼ 0.85; CON; n ¼ 8, CRH ACE2 KI; n ¼ 7) were observed in the GP, indicating that ACE2 overexpression was specifically directed to CRH synthesis. Plasma ACE2 activity was also similar (P ¼ 0.77) between CON mice (n ¼ 7; 27.5 ± 2.99 RFU\min\ml) and CRH ACE2 KI mice (n ¼ 8; 24.5 ± 2.49 RFU\min\ml), suggesting that directing ACE2 overexpression to CRH does not affect ACE2 activity in the periphery. Taken together, these results confirm that ACE2 overexpression was directed to CRH transcription, resulting in a significant increase in ACE2 mRNA in the PVN and CEA.
Overexpressing ACE2 in CRH cells attenuates stress-induced HPA axis activation
To study whether overexpressing ACE2 in CRH cells affected the diurnal rhythm of the HPA axis, we measured non-stressed levels of plasma CORT in the morning (CON mice; n ¼ 8; CRH ACE2 KI mice; n ¼ 10) and in the afternoon (CON mice; n ¼ 25, CRH ACE2 KI mice; n ¼ 27). As expected, there was an effect of time (F (1, 66) ¼ 97.1, P < 0.0001) with plasma CORT in the afternoon being significantly higher than that in the morning (Bonferroni post-hoc analysis; CON mice, morning vs. CON afternoon, t (66) ¼ 6.75, P < 0.0001; CRH ACE2 KI mice, morning vs. afternoon, t (66) ¼ 7.22, P < 0.0001; Fig. 3A) . However, these differences were not affected by genotype (F (1, 66) ¼ 0.0009, P ¼ 0.976) indicating that overexpression of ACE2 in CRH cells does not disrupt the diurnal rhythm of CORT secretion.
To investigate how overexpressing ACE2 in CRH cells affects plasma CORT subsequent to psychogenic stress, CON mice (n ¼ 8) and CRH ACE2 KI mice (n ¼ 10) were subjected to a 30 min restraint challenge. Again, there was an effect of time (F (3, 60) ¼ 89.9, P < 0.0001) with restraint significantly elevating plasma CORT above baseline at 30 and 60 min (Fig. 3B) . The increased plasma CORT at 30 min was significantly attenuated in CRH ACE2 KI mice relative to CON mice (Bonferroni post-hoc analysis, t (60) ¼ 3.73, P < 0.01; Fig. 3B ). These results demonstrate that overexpressing ACE2 in CRH cells attenuates activation of the HPA axis in response to acute psychogenic stress. To explore whether the reduced plasma CORT was centrally-mediated, mRNA expression of POMC in the pituitary gland and CRH in the PVN was measured using realtime PCR and RNAscope in situ hybridization, respectively. CRH ACE2 KI mice (n ¼ 6) had significantly (t (5) ¼ 4.68, P ¼ 0.0054) decreased expression of POMC mRNA in the pituitary gland compared to CON mice (n ¼ 6) (Fig. 3C) , suggesting that overexpressing ACE2 in CRH cells may inhibit the production of ACTH. In addition, we found that CRH ACE2 KI mice had significantly less CRH mRNA transcripts in the PVN (CON; n ¼ 11, CRH ACE2 KI; n ¼ 9, t (18) ¼ 2.97, P ¼ 0.0081; Fig. 3DeF ) and CEA (CON; n ¼ 10, CRH ACE2 KI; n ¼ 8, t (16) ¼ 2.19, P ¼ 0.043; Fig. 3GeI ) when compared to that of controls. These results indicate that overexpressing ACE2 in CRH cells suppresses stress-induced HPA axis activation and downregulates the synthesis of CRH in the PVN and CEA.
Directing Cre recombinase to the CRH gene does not affect HPA axis activity
Basal and stressed levels of plasma CORT were measured in CRH-Cre mice and their wild-type littermate controls to address the possibility that directing Cre recombinase expression to the CRH gene, in and of itself, affects HPA axis activity. CRH-Cre (n ¼ 11) mice and littermate WT CON mice (n ¼ 7) had similar basal plasma CORT (CRH-Cre mice, 6.34 ± 0.685 ng/ml vs. littermate WT CON mice, 6.16 ± 1.25 ng/ml) and similar stress-induced plasma CORT (30 min after restraint, CRH-Cre mice, 249 ± 26.0 ng/ml vs. littermate WT CON mice, 208 ± 28.6 ng/ml; 60 min after restraint, CRHCre mice, 273 ± 24.2 ng/ml vs. littermate WT CON mice, 259 ± 29.6 ng/ml; 120 min after restraint, CRH-Cre mice, 130 ± 16.9 ng/ml vs. littermate WT CON mice, 114 ± 19.8 ng/ml). These results suggest that the blunted HPA axis activation that was observed in the CRH ACE2 KI mice cannot be attributed to the presence of Cre recombinase, but rather, is the result of increased ACE2 production.
Overexpressing ACE2 in CRH cells does not affect adrenal responsiveness to ACTH
We subjected CRH ACE2 KI mice and their respective control mice to an ACTH stimulation test to evaluate whether the decreased plasma CORT observed in CRH ACE2 KI mice subsequent to stress was the result of altered adrenal responsiveness to ACTH. Administration of dexamethasone was associated with similarly low levels of endogenous CORT (8.03 ng/ml in CON; 8.06 ng/ml in CRH ACE2 KI mice; Fig. 4, 0 0 ) . Delivery of exogenous ACTH elevated plasma CORT (F (1, 46) ¼ 615, P < 0.0001 ; Fig. 4) ; however, this response did not differ as a function of genotype (F (1, 46) ¼ 0.06, P ¼ 0.802; Fig. 4 , 15 0 ). Collectively, these results suggest that overexpressing ACE2 in CRH cells does not affect adrenal responsiveness to ACTH. 
Overexpressing ACE2 in CRH cells attenuates anxiety-like behavior
To investigate whether the attenuated stress-induced activation of the HPA axis observed in CRH ACE2 KI mice was predictive of altered behavioral responses to psychogenic stress, we assessed anxiety-like behavior in the EPM. Relative to CON mice (n ¼ 12), CRH ACE2 KI (n ¼ 16) mice spent more time in the open arms (t (26) ¼ 2.95, P ¼ 0.007; Fig. 5B ), entered more frequently to the open arms (t (26) ¼ 3.10, P ¼ 0.005; Fig. 5C ), but travelled similar distances throughout the test (t (26) ¼ 0.709, P ¼ 0.485, Fig. 5D ). To further validate the anxiolytic behavior observed in the EPM, we tested mice in the open field arena and found that compared to CON mice (n ¼ 8), CRH ACE2 KI mice (n ¼ 11) spent more time in the center of the open field arena (t (17) ¼ 1.94, P ¼ 0.03; Fig. 5F ) but travelled similar distances throughout the test (t (17) ¼ 1.36, P ¼ 0.10, Fig. 5H ). Together, these results suggest that overexpressing ACE2 in CRH cells attenuates anxiety-like behavior without altering locomotor activity.
Discussion
This series of experiments evaluated the impact of increasing the activity and/or expression of ACE2 on indices of stress responding. Targeting endogenous ACE2 activity in the brain with central delivery of DIZE had no effect on the HPA axis; however, mice with ubiquitous overexpression of ACE2 had blunted stressinduced activation of the HPA axis. We coupled CRH transcription and ACE2 overexpression to evaluate whether doing so recapitulates the HPA dampening observed with ubiquitous ACE2 overexpression. Indeed, relative to littermate controls harboring only the STOP floxed ACE2 gene, CRH ACE2 KI mice had an attenuated HPA response to restraint stress. Importantly, basal and stress-evoked plasma CORT levels were similar amongst CRH-Cre mice and their wild-type littermates indicating that the presence of Cre recombinase, in and of itself, did not contribute to HPA axis suppression. Additionally, directing ACE2 overexpression to CRH synthesizing cells had no effect on the diurnal rhythm of the HPA axis or adrenal responsiveness to ACTH but did reduce CRH mRNA in the PVN and CEA as well as POMC mRNA in the pituitary. To determine whether these central alterations were predictive of decreased anxiety-like behavior, mice were tested in the EPM and open field. As predicted, CRH ACE2 KI mice displayed decreased anxiety-like behavior in the EPM and open field relative to controls. Collectively, these results suggest that delivery of exogenous ACE2 suppresses CRH synthesis in the PVN and CEA, which alters the central processing of psychogenic stress, thereby blunting HPA axis activation and attenuating anxiety-like behavior.
The present study found that pharmacological up-regulation of endogenous ACE2 with chronic central administration of the ACE2 activator, DIZE (De Maria et al., 2016; Qi et al., 2013b) , had no effect on basal or stress-induced HPA axis activity. In contrast, ACE2 KI mice had decreased plasma CORT subsequent to a 30 min restraint challenge relative to their wild-type littermate counter-parts. The conflicting effects that DIZE and ACE2 overexpression have on the HPA axis may be due to different molecular mechanisms of action. In this regard, DIZE increases the activity of ACE2 by binding to the hinge region of the enzyme, which facilitates its ability to convert Ang-II into Ang1-7 (Kulemina and Ostrov, 2011; Shenoy et al., 2013) . Consequently, the efficacy by which DIZE elicits cleavage of Ang-II is dependent on the availability of endogenous ACE2; however, we found that control mice had relatively low ACE2 mRNA expression in the PVN (see Fig. 2A ). Given that neurons in the PVN initiate activation of the HPA axis, it is possible that DIZE had no effect on plasma CORT because insufficient amounts of endogenous ACE2 were available. Collectively, these results suggest that exogenous ACE2 is sufficient to observe blunted HPA axis activation subsequent to psychogenic stress exposure and the implication is that recombinant ACE2 may be well suited to attenuate HPA axis hyperactivity.
We generated CRH ACE2 KI mice to determine whether selectively targeting ACE2 overexpression to CRH transcription recapitulates the HPA axis dampening observed with ubiquitous overexpression. Relative to controls, CRH ACE2 KI mice had increased levels of ACE2 mRNA in the PVN and CEA. The basal plasma CORT of control and CRH ACE2 KI mice were similar in the morning and afternoon, indicating that ACE2 overexpression did not alter the diurnal rhythm of the HPA axis. When CRH ACE2 KI mice were challenged with restraint an attenuated HPA axis response was revealed. Specifically, plasma CORT assessed 30 min after the onset of restraint was significantly lower in CRH ACE2 KI mice when compared to that of controls. However, CRH ACE2 KI mice were compared to littermates harboring only the STOP flox ACE2 gene, which presents the possibility that the presence of Cre recombinase, in and of itself, suppresses stress-induced HPA axis activation. Consequently, stress-induced elevations in plasma CORT were assessed in CRH-Cre mice and their wild-type littermate counterparts. In this cohort of mice, the maximum plasma CORT response to restraint tended to be lower compared to that of mice carrying the floxed STOP ACE2 gene (WT; 259 ± 29.6 ng/ml vs. CRHCre, 273 ± 24.2 ng/ml vs. CON; 342 ± 42.6 ng/ml see Fig. 3 ). Genetic influences, litter effects and/or methodological dissimilarities between these groups may have contributed to this apparent difference. Nonetheless, CRH-Cre mice and their wild-type littermate controls had similar plasma CORT before, during and after restraint stress, suggesting that the HPA dampening observed in CRH ACE2 KI mice cannot be attributed to the presence of Cre recombinase, but rather, occurs downstream of ACE2 overexpression.
In this regard, CRH ACE2 KI mice had lower levels of CRH and POMC mRNA in the PVN and pituitary, respectively. POMC is the precursor for the glucocortoid secretagogue, ACTH, and previous in vitro and in vivo studies determined that levels of CRH in the PVN regulate POMC synthesis and the release of ACTH from the pituitary (for review see (Aguilera, 1994; Antoni, 1993) ). Taking these results into account, we hypothesized that the blunted HPA axis activation that occurs in CRH ACE2 KI mice was centrally mediated. Consistent with this hypothesis, directing ACE2 overexpression to CRH cells had no effect on plasma ACE2 activity and delivery of ACTH to control and CRH ACE2 KI mice treated with dexamethasone similarly increased plasma CORT, indicating that the blunted HPA axis activation is likely not attributed to systemic changes in ACE2 activity or altered adrenal responsivity to ACTH. Taken together, these results suggest the dampened HPA axis activation that occurs in CRH ACE2 KI mice is centrally-mediated and manifests from decreased CRH production in the PVN.
The precise molecular mechanism by which ACE2 downregulates the expression of CRH mRNA and dampens HPA axis activation is unknown. Consistent with prior research (Aguilera et al., 1995; Oldfield et al., 2001 ), a recent study from our laboratory found that nearly every CRH producing neuron in the PVN also expresses AT1aR(s) and selective optogenetic excitation of such neurons robustly activates the HPA axis (de Kloet et al., 2017) . Therefore, it is possible that ACE2 overexpression suppresses HPA activation by converting Ang-II into Ang1-7, leading to reduced activation of AT1aR(s) in the PVN and decreased CRH transcription. Consistent with this notion, systemic administration of an ARB that crosses the blood-brain-barrier significantly reduces CRH mRNA in the PVN as well as indices of HPA axis activity subsequent to isolation stress (Armando et al., 2001 (Armando et al., , 2007 . To determine whether antagonism of AT1aR(s) in the PVN mediate HPA axis suppression, we engineered mice with AT1aR(s) selectively deleted from the PVN (de Kloet et al., 2013; Wang et al., 2016b) . Intriguingly, selective deletion of AT1aR(s) from the PVN significantly decreased hypothalamic CRH mRNA (de Kloet et al., 2013; Wang et al., 2016b) but had no effect on basal or stress-evoked levels of plasma CORT (Wang et al., 2016b) . These results suggest that stimulation of AT1aR(s) in the PVN likely influences CRH transcription but selective inhibition of these receptors is insufficient to reduce HPA axis activation.
In humans, pharmacological inhibition of Ang-II production or AT1aR(s) increases levels of ACE2 and Ang1-7 (Furuhashi et al., 2015; Luque et al., 1996) and there is growing appreciation that up-regulation of the 'protective limb' of the RAS contributes to the beneficial effects of ACEi and ARBs. As mentioned, ACE2 metabolizes Ang-II into Ang1-7, which serves as a ligand for the MasR, and accumulating pre-clinical evidence suggests that MasR(s) residing in the CNS are potent mediators of mood and affect. Knockout of the MasR is anxiogenic in mice (Walther et al., 1998) and genetic overexpression of Ang1-7 in rats decreases stress-evoked cardiac reactivity and anxiety-like behavior (Kangussu et al., 2017; Moura Santos et al., 2017) . Because CRH and HPA axis dysregulation are heavily implicated in the etiology of anxiety disorders (Abelson et al., 2007; Banki et al., 1987; Brand et al., 2011; Nemeroff et al., 1984 Nemeroff et al., , 1988 Vreeburg et al., 2010) , we predicted that the decreased CRH mRNA and dampened HPA axis activity observed in CRH ACE2 KI mice would be accompanied by decreased anxietylike behavior. As predicted, CRH ACE2 KI mice spent more time in the open arms and center of the EPM and open field, respectively. These results are consistent with our previous study demonstrating that increasing brain ACE2 activity potently elicits anxiolysis by activating central MasR(s) (Wang et al., 2016a) . The present study found that DIZE had no effect on HPA axis activation; however, this previous study found that central administration of DIZE decreased anxiety-like behavior and that increasing brain ACE2 activity was associated with enhanced GABAergic synaptic transmission in the basolateral amygdala (Wang et al., 2016a) . Our interpretation of these results is that low endogenous levels of ACE2 in the PVN may prohibit effects of DIZE on the HPA axis but the anxiolysis that follows central delivery of DIZE is likely the result of augmented GABA release in the amygdala. Collectively, these results suggest that increasing the production of ACE2 in the brain may constrain the endocrine, cardiovascular and behavioral nodes of the stress response and that centrally residing MasR(s) may mediate these effects.
In summary, the present study revealed that coupling ACE2 overexpression to CRH transcription attenuates acute stressinduced activation of the HPA axis and anxiety-like behavior. Ubiquitously overexpressing ACE2 increased ACE2 mRNA >1000-fold in the hypothalamus (Wang et al., 2016a) , but selectively overexpressing ACE2 in CRH neurons modestly increased ACE2 expression by z 2.5 fold in the PVN. Despite these differences in the magnitude of ACE2 overexpression both approaches promote anxiolysis (Wang et al., 2016a) and attenuate stress-evoked HPA axis activation, suggesting that targeting ACE2 overexpression to CRH is sufficient to dampen physiological and behavioral responses to psychogenic stress. Consequently, ACE2 may be a promising target to treat diseases featuring CRH dysregulation, like anxiety and HPA axis over-activation.
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